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Coal seam water injection is an important technical method to prevent and control coal and gas outburst and other disasters. Water
can soften coal and change its mechanical properties. In order to study the mechanical properties of coal samples with different
moisture content, briquette coal samples with five moistures content (4%, 6%, 8%, 10%, and 12%) were selected to carry out
triaxial compression tests under different confining pressures (0.1, 0.2, 0.4, 0.8, and 1.2MPa). Then, the mechanical response
mechanism of the water-bearing briquette coal was analyzed. The results show that the slope of the linear elastic stage of the
stress-strain curve gradually decreases with the increase of moisture content. Water-bearing coal exhibits strain strengthening
characteristics under high confining pressure, which transforms the water-bearing coal from brittle to ductile state. The peak
stress under different moisture content conditions shows a linear relationship with the confining pressure. The internal friction
angle decreases linearly with the increase of moisture content. The cohesion varies parabolically with the increase of moisture
content and reaches the maximum value when the moisture content is 8%. The coal body with moisture content between 7%
and 9% has a high bonding force, which is beneficial to the consolidation of the coal body. Therefore, ensuring a reasonable
moisture content of coal through coal seam injection can provide a basis for preventing coal and gas outburst.

1. Introduction

Coal and gas outburst and rock burst are relatively serious
disasters in coal mines, which causes significant property
losses and casualties [1–5]. Water injection is an important
industrial measure to prevent these disasters and has been
widely used in coal mines [6, 7]. The main factors affecting
water injection effect are water injection pressure, water
injection time, coal moisture content, and so on. There is a
certain amount of original moisture in residual coal in goaf,
which plays a softening role in the mechanical properties of
coal. Therefore, it is of great significance to study the influ-
ence of different moisture content on the mechanical proper-
ties of coal.

Coal is a typical porous medium, which contains a
multiscale pore structure [8]. When the pore pressure
and consolidation pressure change, the moisture content
[9, 10] and matrix adsorption expansion/contraction [11,
12] on the permeability of coal will also change, eventually

making the pore structure and mechanical properties of
coal become more complex. Many scientists have carried
out experiments on the mechanical properties of coal sam-
ples with different moisture content [13–19]. The reason
why coal seam with high moisture content can effectively
prevent coal and gas outburst is that coal has a stronger
adsorption capacity for water molecules than methane
molecules [20–22]. It is found that the moisture content
is negatively related to the gas desorption rate and diffu-
sion coefficient, resulting in less methane desorption
amount [23]. Some scholars had pointed out that the
intensity of coal and gas outburst decreases with the
increase of original moisture content [24]. Through vari-
able angle shear test, Yao et al. (2020) analyzed the varia-
tion law of shear strength, peak shear strain, cohesion and
internal friction angle of coal samples with moisture con-
tent (0%, 7.10%, 15.68%, 22.90%, and 23.09%) and, on this
basis, discussed the influence of moisture content on
Mohr-Coulomb criterion [9]. Chen et al. (2019) studied
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the triaxial compression and acoustic emission characteris-
tics of gas-bearing coal under different water treatment
conditions and analyzed how water affects the mechanical
behavior of gas-bearing coal [25]. Talapatra et al. (2020)
revealed the evolution law of coal deformation and strain
and described the influence of moisture content on the
permeability of coal through porous media in wet reser-
voir [26]. Chen et al. (2019) studied the influence of
water-coal interaction on the mechanical strength of coal
[27]. The results showed that with the increase of contin-
uous wetting time and the number of dry and wet cycles,
the peak stress and elastic modulus decreased and the
peak strain increased. Zhang et al. (2018) carried out the
compressive strength test of coal and analyzed how mois-
ture affects the lignite strength [13]. Yang et al. (2019)
studied the relationship between the moisture content of
coal and the modulus of elasticity and the uniaxial com-
pressive strength, and he found that there was a significant
negative correlation between them [28]. All the above lit-
eratures studied the macroscopic mechanical property
changes of coal samples from the experimental point of
view. From a microscopic point of view, Gu et al. (2019)
believe that the influence of moisture content on the
mechanical properties of soft coal can be simplified as
the influence on the interparticle bonding force [29]. He
pointed out that the liquid bridging force between coal
particles is composed of static bridging force and dynamic
bridging force, and the effect of liquid bridging force can
explain the influence of moisture content on soft coal with
different porosity. Under dynamic loads, the dynamic
bridging force cannot be ignored due to the fast relative
motion between particles [30]. Ahamed et al. (2019) have
made an in-depth study of how minerals and organic mat-
ter in coal interact with each other in the presence of
water from the perspective of coal’s chemical structure
and elemental composition [31]. To sum up, the change
of water environment leads to different moisture content
in coal and also causes various changes in the microstruc-
ture and macroscopic mechanical properties of coal.

Coal is a typical heterogeneous rock whose mechanical
properties are affected by many factors [32, 33]. Due to the
special properties of coal, the research on the influence of
water on its mechanical properties will always be a long-
term and in-depth research subject. In the field of rock
mechanics, it is generally believed that water will reduce the
strength and elasticity of rock, but due to the special proper-
ties of coal, the effect of water on its mechanical properties
needs to be further studied. Most of the existing researches
on the mechanical properties of coal samples were focused
on uniaxial compression, without considering the confining
pressure and multiaxial compression. In addition, due to
the difficulty in preparing water-bearing coal samples, coal
samples with low moisture content are mostly selected in
some literatures to study [6, 26, 29, 34]. At present, the scale
of moisture content of experimental coal samples is not wide
enough. It is necessary to consider a broader scale of moisture
content to further study the effects of moisture content on
elastic parameters, plastic deformation, and peak strength
of experimental coal samples.

In response to the above, five kinds of briquette coal sam-
ples with different moisture content were prepared and triax-
ial compression experiments were conducted to observe the
effect of moisture on the mechanical properties of coal. The
effects of moisture content and confining pressure on
stress-strain, peak stress, elastic modulus, Poisson’s ratio,
cohesion, and internal friction angle were analyzed. This
paper aims to analyze and evaluate the mechanical behavior
of coal under different moisture content.

2. Experimental

2.1. Coal Sample Selection. The experimental coal samples
were taken from Baiping Coal Mine in Dengfeng City, Henan
Province, China. The minefield is about 10 km long from east
to west, 2-4 km wide from south to north, covering an area of
about 18.37 km2. The average coal thickness is 5.3m. Coal
seam exists in the form of powder and scale, mainly in the
form of pulverized coal with low strength (the hardness coef-
ficient of proctor is about 0.5-0.8 before water injection). The
coal seam is in the form of powder by hand twisting, which
belongs to the poor coal with medium calorific value and
extra high calorific value. The industrial analysis results of
the coal sample are shown in Table 1.

2.2. Preparation of Briquette with Different Moisture Content.
The main purpose of this paper is to study the mechanical
properties of briquette coal samples with different moisture
content. Although the mechanical properties of briquette
and raw coal are not exactly the same, there are great similar-
ities in the mechanical laws of briquette coal [35]. Briquette is
favored by many scholars because of its good repeatability
[36–39]. This paper also conducts a series of experiments
on briquette coal. By adding different water mass into the
coal sample, rock pressure experimental system is used to
press the formed coal under the condition of axial pressure,
as shown in Figure 1. The specific preparation steps are as
follows:

(1) Turn on the computer power supply, start the oil
pressure power switch, run the YAD-2000 micro-
computer controlled electro-hydraulic servo rock
pressure experiment system, place the bottom
hydraulic cylinder of the laboratory at the lowest dis-
placement, and the upper vertical pressure cylinder at
the appropriate position, so as to place the forming
mold in the tester

(2) Select lean coal sample within 0.2mm<d<1mm and
1mm<d<3mm, dry for 24 h, then use electronic
balance to weigh 300 g under peeling condition, and
put it into plastic mixer; use beaker to weigh a certain
amount of water, spray water into plastic mixer with
sprayer, and spray while stirring, so as to fully mix
coal particles and water. The calculation formula of
moisture content is [40]:

w = m2 −m1
m2

× 100%, ð1Þ
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where m1 refers to the dried mass of coal sample, g; m2
refers to the coal sample mass added with purified water, g;
w stands for the moisture content, %.

(3) The base of the mold is placed on the test bench.
In order to ensure the flatness of the lower surface
of the formed coal sample, a thin paper with a
diameter of about 49mm is placed on the base,
and a stainless steel cylinder with an inner diame-
ter of 50mm is placed. The mold is formed by
mixing the prepared coal sample with coal and
water with an iron spoon, and then, the coal sam-
ple mold is formed by using a thin rod cylinder,
and the diameter of the upper end of the mold is
about 49.95mm. The bottom bearing cylinder
plane is located in the cylinder. Then, place the
whole die on the testing machine

(4) Operate the testing machine software according to
the steps, set it as the displacement control mode,
and finally set the setting displacement speed of
0.05mm/s after many experiments; set the protection
pressure of 100MPa, and control the molding pres-
sure of the testing machine within 30min

(5) In order to ensure the formability, the prepared
briquette coal has a high molding rate, and the
demolding speed is set as displacement control
with a speed of 5mm/s. A layer of crumpled and
curled plastic film is placed in the demolding cylin-
der. On the one hand, a certain supporting force is
given to the separated briquette to ensure that the
supporting force in the demolding process and
the compressive strength of the briquette itself are
greater than its own gravity; on the other hand,
when the briquette coal is completely detached, it
can prevent the bottom from falling off and dam-
age, resulting in uneven end face

(6) The prepared coal samples with different moisture
content (see Figure 1) were coated with 4-5 layers of
fresh-keeping film to prevent water loss

2.3. Triaxial Compression Experiment System and Scheme.
The experiment work uses the MTS815.2 test system, as
shown in Figure 2. The experimental system is mainly com-
posed of the main machine, multichannel controller, confin-
ing pressure control cabinet, pore pressure control cabinet,
hydraulic oil source, main control computer, etc. The maxi-
mum load of the system equipment is 1700 kN, and the max-
imum confining pressure is 45MPa. The whole process is
controlled by computer, which can automatically collect
and process relevant data. It can be used to test the stress-
strain curve of single axis and triaxial and the effect of pore
water pressure on rock deformation and strength.

Firstly, the pulverizer was used to crush the coal sam-
ples, and the coal particles with the particle size of
0.2mm<d<1mm and 1mm<d<3mm were taken. The
coal samples with two particle sizes were mixed according
to the mass ratio of 1 : 1 and put into the dryer for 12 h.
The method of spraying small aperture pure water and
fully mixing was used to humidify the coal sample. After
sufficient wetting for a certain period of time, the standard
coal sample of Φ 50mm × 100mm was pressed into the
forming mold under the action of the testing machine
and the pressure of 100MPa. The allowable variation
range of specimen height is 95-105mm. In the experiment,
we found that it is difficult to form coal with moisture
content lower than 4% or higher than 12%. Therefore,
the briquette coals with moisture content of 4%, 6%, 8%,
10%, and 12% were used to study the mechanical proper-
ties of briquette coals. In order to test the deformation and
strength characteristics of different moisture content under
different confining pressures (0, 0.1, 0.2, 0.4, 0.8, and
1.2MPa), 90 processed and formed cylinder standard coal
samples were taken, and each moisture content was

Table 1: Industrial analysis results of raw coal.

Coal mine Coal rank Mad/% Aad/% Vad/% Hydraulic conductivity/(m2·d-1) Contact angle/°

Baiping Lean coal 0.96 10.28 15.06 0.905 33.2

Jaw crusher Briquette coal samples Briquette coal press machine Manufacture tool 

Figure 1: Preparation steps of briquette coal sample.
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repeated with three test pieces under one confining pres-
sure for triaxial loading test, with unified number and
sequential number. In order to ensure that the displace-
ment and strain of the specimen increase only after the
peak strength, the axial displacement control mode is
adopted in the whole loading process to obtain the whole
stress-strain curve of the specimen. The loading speed is
0.005mm/s, and the experimental data is automatically
recorded by the testing machine.

3. Results and Analysis

The relationship between axial stress-strain curve and con-
fining pressure under different moisture content conditions
is shown in Figure 3. As can be seen, in the case of fixed con-
fining pressure, with the increase of moisture content, the
slope of linear elastic stage decreases as a whole, and the bear-
ing deformation limit increases. This indicates that the elastic
modulus decreases and the plasticity increases. With the
increase of moisture content, the plasticity increases, the elas-
tic potential is consumed, and the plastic deformation of coal
sample occurs. It can reduce the accumulation of energy in
the coal body and avoid the sudden release of energy, which
is conducive to the prevention and control of coal and gas
outburst [41]. When the moisture content is 4%, 6%, and
8%, respectively, the low confining pressure (0, 0.1, 0.2, and
0.4MPa) exhibits strain-softening characteristics, and the
high confining pressure (0.8 and 1.2MPa) shows strain
strengthening characteristics. With the increase of confining
pressure, water-bearing coal changes from brittleness to duc-
tility. At 10% and 12% of moisture content, the postpeak
curve of water-bearing coal changes from plastic flow state
to strain strengthening stage with the increase of confining
pressure. When the moisture content is between 4% and
8%, the coal with moisture content is plastic-elastic-plastic
body when the confining pressure is between 0MPa and
1.2MPa. The briquette coal with moisture content between
10% and 12% can be regarded as a typical elastic-plastic body.

It shows that under the condition of reasonable confining
pressure and moisture content, it is beneficial to the transfor-
mation of water-bearing coal from brittleness to ductility and
to the release of energy. Literature [42] also supports our
views to some extent. In the process of coal mining, the hor-
izontal stress from three-way hydrostatic state will gradually
be low to 0 from coal seam depth to the working face. Stress
redistribution in front of the coal body is a time-dependent
process. The method to control the confining pressure is to
maintain the reasonable mining speed, so as to prevent coal
and gas outburst and rock burst disaster.

Figure 4 shows the peak value change of axial stress with
the moisture content under different confining pressures. It
can be seen that the yield stress and peak strength of water-
bearing coal increase gradually with the increase of confining
pressure. With the increase of moisture content, the axial
support stress of water-bearing coal increases first and then
decreases, and the larger the confining pressure is, the more
obvious the trend is. This may be due to the formation of
thick water film on the surface of coal particles in the process
of briquetting, which makes the contact between particles not
close and reduces the compressive strength of briquette coal.
When the confining pressure is 0, 0.1, and 0.4MPa, the axial
stress reaches the peak value when the moisture content is
8%. When the confining pressure is 0.2, 0.8, and 1.2MPa,
the axial stress reaches the peak value when the moisture
content is 6%.

Here, the peak stress and confining pressure data of
briquette under different moisture content were fitted in
Figure 5. As indicated in Figure 5, when the moisture content
is 4%, 6%, 10%, and 12%, the linear goodness of fit of stress
peak value and confining pressure is greater than 0.98, show-
ing a significant linear relationship between them. Similar con-
clusions have been reached in some literature [37, 43]. When
the moisture content is 8%, the goodness of fit is greater than
0.96. Based on the generalized Hoek Brown criterion and tan-
gent method theory, the cohesion c and internal friction angle
Φ of rock can be approximately determined. According to the

Figure 2: MTS815.2 test system.
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peak strength of Coulomb criterion σs = a + bσ3 (σs is the
peak stress and σ3 is the confining pressure), and the values
of a and b in the fitting equation in Figure 5, Φ and c can be
calculated based on Eq. (2) and (3).

ϕ = arcsin b − 1
b + 1 ,

ð2Þ

c = a 1 − sin ϕð Þ
2 cos ϕ : ð3Þ

The change trend of elastic modulus and Poisson’s ratio of
briquette withmoisture content is tested, as shown in Figure 6.
It can be seen from Figure 6(a) that the elastic modulus of bri-
quette first increases and then decreases with the increase of
moisture content, and the fitting equation is y = −0:138 +
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Figure 3: Relationship between axial stress-strain curve and confining pressure under different moisture content conditions. (a) Moisture
content 4%. (b) Moisture content 6%. (c) Moisture content 8%. (d) Moisture content 10%. (e) Moisture content 12%.
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0:329x − 0:021x2. When the moisture content is about 8%, the
modulus of elasticity of briquette reaches the maximum,
which is 1.17GPa. When the moisture content is between
4% and 8%, with the increase of moisture content, the elastic
modulus of briquette increases, the bearing capacity and the
rigid mechanical properties of briquette increase. When the
moisture content is more than 8%, the elastic modulus of
briquette decreases, the bearing capacity decreases, and the
plasticity of briquette increases with the increase of moisture
content. Poisson’s ratio is the ratio of transverse strain to
longitudinal strain, which is the elastic constant reflecting
transverse deformation. It can be seen from Figure 6(b) that
the elastic modulus of briquette increases first and then
decreases with the increase of moisture content, and the fitting
equation is y = 0:599 − 0:087x + 0:005x2. When the moisture
content of briquette is 8%, the Poisson’s ratio of briquette is
at the minimum, which is 0.218. When the moisture content
is between 4% and 8%, the Poisson’s ratio of briquette
decreases with the increase of moisture content. When the
moisture content is more than 8%, the Poisson’s ratio
increases gradually with the increase of moisture content,
and the transverse strain trend of briquette increases.

Furthermore, we investigated the change trend of
cohesion and internal friction angle with moisture content,
as shown in Figure 7. From Figure 7, we can conclude that
the internal friction angle decreases linearly with the
increase of moisture content. Yao et al. (2020) believed
that the internal friction angle and the moisture content
show a negative exponential decrease trend [9], which is
mainly due to the difference of the fitting equation. But
in essence, the relationship between the internal friction
angle studied in this paper and the change of water is con-
sistent with their research results. With the increase of
moisture content, the cohesive force shows a parabola

shape with a secondary opening downward, which
increases first and then decreases. The cohesion reaches
the maximum value when the moisture content is 8%.
The moisture content is from 4% to 8%, the internal fric-
tion angle is reduced from 28.385° to 24.186°, and the
reduction rate is 14.793%. Under the same conditions,
the cohesion is increased from 0.297MPa to 0.514MPa,
and the increase rate is 73.06%, i.e., the influence of mois-
ture content on cohesion is greater than that on internal
friction angle. Compared with coal molecules, the cohesion
and liquid bridge force between water molecules play an
important role. Under the action of dynamic load, due
to the fast relative motion between particles, the hydrody-
namic bridging force cannot be ignored [29, 30]. The
water cohesion of the formed coal with the moisture con-
tent of 8% increases sharply, which may be caused by the
macroscopic manifestation of the liquid bridge force
between the wet particles. It had been reported out that
when the external moisture content of raw coal is between
7% and 14%, the water mainly exists in the swing state
between the particle pores, and the distribution of discon-
tinuous liquid bridge between the swing state particles,
including dynamic liquid bridge force and static liquid
bridge force [44]. Therefore, we focused on the peak
strength with a moisture content of 8%.

The stress-strain curves of the coal sample with 8% mois-
ture after loading were extracted, as illustrated in Figure 8.
Among them, the axial stress is σ1, the confining pressure is
σ3, the axial strain is ε1, the radial strain is ε3, and the volume
strain is εv. Axial strain is positive in compression, while
radial strain and volume strain are positive in expansion.
The specific analysis is as follows:

(1) σ1 − ε1 Curve. The whole process is characterized by
compaction, elastic and plastic failure. Before the
peak stress, the stress-strain curve changes from
linear elasticity to linear elasticity with the increase
of confining pressure, indicating that the axial defor-
mation characteristics of the specimen are related to
σ1 − σ3. With the increase of the difference value of
σ1 − σ3, the slope of the curve increases significantly,
the failure load increases, and the plastic deformation
increases obviously. The results show that coal
strength containing moisture content increases with
the increase of confining pressure, which shows as
the compressive type. The slope of the curve before
the peak of the confining pressure of 0.1MPa
increases first, then decreases, and then increases.
The possible reason is that there is a large crack
between the large coal particle and the small coal par-
ticle in the process of forming under the constant
load. Under the stress, the crack is further closed.
The curve shows the same stress rate and produces
a large displacement. After the peak stress, with the
increase of confining pressure, the postpeak curve
changes from strain softening to strain strengthen-
ing. Meanwhile, the residual strength also increases,
and the peak stress corresponding to the peak strain
value increases accordingly. This shows that the coal
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body after water injection faces to the deep part of the
coal body from the mining work. Under the effect of
in situ stress, the coal wall shows the phenomenon of
spalling and slag falling. While, the deep coal body
changes to the plastic strengthening, showing the
fracture and pore closure

(2) σ1 − ε3 Curve. In the experiment, the stress intensity
increases gradually with the increase of confining
pressure under the same displacement condition.
Under the same stress condition, with the increase
of confining pressure, the radial displacement
decreases correspondingly, and the corresponding
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Figure 5: Relationship between stress peak value and confining pressure under different moisture content conditions. (a) Moisture content
4%. (b) Moisture content 6%. (c) Moisture content 8%. (d) Moisture content 10%. (e) Moisture content 12%.

7Geofluids



strain rate of stress increases gradually, especially the
confining pressure of 0.4MPa to 1.2MPa. This indi-
cates that the horizontal displacement of the same
ground stress of the injected coal seam is larger under
low confining pressure, and the horizontal displace-
ment is gradually reduced from the deep coal body
to the surface of the coal wall. Under the action of
the horizontal force, the horizontal displacement is
expressed as the sheet side or the coal wall extrusion

(3) σ1 − εv Curve. The overall performance volume
decreased first and then increased. With the increase
of confining pressure, the volume strain εv of pore
fracture structure increases first and then decreases.
Although the volume of the specimen is decreasing,
the volume changes rapidly, so the volume strain of

the specimen increases. When the slope of a certain
point of the curve of σ1 − εv is infinite, that is, when
the volume of the test piece reaches the minimum
value, it is called the elastic limit point. The crack
growth of the specimen is stable, which conforms to
Hooke’s law and shows a linear elastic stage. When
the axial stress reaches a certain value, that is, the vol-
ume of the specimen is equal to that of the original
specimen, and then the axial stress increases, and εv
increases until the compaction of the specimen is
compacted. In this process, the volume change grad-
ually decreases, and after entering the yield stage, the
volume of briquette coal specimen increases, showing
the phenomenon of expansion. εv of the specimen
develops rapidly to the negative direction of displace-
ment, and the displacement value in the negative
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Figure 7: Relationship between moisture content and internal friction angle and cohesion. (a) Change of internal friction angle with moisture
content. (b) Change of cohesion with moisture content.
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direction is larger than that in the positive direction,
and the volume of the specimen after failure is larger
than that of the original specimen

4. Conclusions

In this paper, the briquette coal samples with different mois-
ture content are prepared, and the triaxial compression tests
are carried out on the briquette coal samples under different
confining pressures with MTS815.2 testing machine. The
mechanical properties of the coal samples with different
moisture content are studied. The main conclusions are as
follows:

(1) When the moisture content is fixed, the confining
pressure can strengthen the mechanical properties
of the coal. When the moisture content is less than
8%, there is a small downward concave curve, and
when the moisture content is greater than 8%, the
curve shows good linear elasticity. Moisture content
is 4%, 6%, and 8%. Low confining pressure (0, 0.1,
0.2, and 0.4MPa) shows strain-softening characteris-
tics; high confining pressure (0.8 and 1.2MPa) shows
strain strengthening characteristics

(2) Under the same confining pressure, with the increase
of moisture content, the peak strength of briquette
coal increases first and then decreases. The peak
stress and confining pressure show a linear positive
correlation. With the increase of moisture content,
the internal friction angle of briquette coal decreases
linearly; the cohesion first increases and then
decreases with the increase of moisture content

(3) The influence of moisture content in the coal sample
on cohesion is greater than that of the internal fric-
tion angle. When the moisture content is 8%, the
cohesion of the coal sample is the largest, the consol-
idation ability of the coal body is strong, and the risk
of coal and gas outburst is correspondingly reduced

By studying the physical and mechanical properties of
coal bodies with different moisture content, we hope to pro-
vide some theoretical and field engineering guidance for
improving the understanding of the mechanism of gas out-
burst prevention by coal seam water injection, standardizing
coal seam water injection technology, and coal mine gas
prevention.
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